Abstract. The observation of many unexpected states decaying into heavy quarkonia has challenged the usual QQ interpretation. One of the most studied exotic states, the X(3872), happens to be copiously produced in high-energy hadron collisions. We discuss how this large prompt production cross-section disfavors a loosely-bound molecule interpretation for this particle. This is supported by Monte Carlo simulations, and by a comparison with extrapolated light nuclei data by ALICE.
Introduction
In the last ten years lots of unexpected XYZ resonances have been discovered in the heavy quarkonium sector. Their production and decay rates are not compatible with a standard quarkonium interpretation. For an extended review on this topic, see [1, 2] . The most popular phenomenological interpretation for many of these states is the so-called hadron molecule, i.e. a loosely bound state of two mesons, interacting via long-range light meson exchange. The main antagonistic model is the compact tetraquark, which is dominated by short-range color interaction [3, 4, 5] .
Prompt production of X(3872) at hadron colliders
The X(3872) is known to have a large prompt 1 production cross section, both in pp [6, 7] and pp [8, 9] collisions, of the same order of magnitude of the ordinary ψ(2S ) charmonium state.
The closeness of the X(3872) to the DD * threshold suggests for this state to be aD 0 D * 0 molecule 2 , with a binding mechanism provided by some kind of inter-hadron potential, e.g. one-pion exchange. This interpretation would require a negative binding energy, which cannot be confirmed with the current experimental precision (E b = M X(3872) − M D 0 − M D * 0 −3 ± 192 keV [10] ). Moreover, if the molecular hypothesis holds, the partial width of X(3872) →D 0 D * 0 can be calculated as a function of the binding energy [11] , and future precise measurements of the mass, width and branching ratios of the X(3872) will therefore allow to test this model. Anyway, it is hard to explain how a loosely bound molecule, with binding energy compatible with zero, could be formed within the hadrons ejected in hadron collisions at energies of some TeV. This issue was firstly raised in [12] . Firstly, it was considered that, if the X(3872) is a molecule, and its wave function is negligible if the relative momentum k 0 is larger than some k ∼ 50 MeV, the upper bound for the prompt production cross section of the X(3872) is found to be ∼ 300 times smaller than the experimental value, thus challenging the molecular interpretation of such a state.
The authors of [13] proposed that the final state interactions between the two mesons, in the Migdal-Watson framework, might increase the cross section. Indeed, they evaluated an enhancement factor, which gives a factor 1 i.e. not produced at the displaced B or Λ b decay vertex, but at the hadron collision vertex. 2 The charge-conjugate mode is understood
The elastic scattering of aD 0 (or D * 0 ) with a pion among those produced in hadronization could reduce the relative momentum k 0 in the centre of mass of theD 0 D * 0 pair [19, 20] .
of few only, but they argue that the very presence of strong rescattering allows for a k 3 , the experimental value is rapidly exceeded. This approach was criticised in [14] , by noting that the presence of a huge numbers of pions between the DD * mesons make the Migdal-Watson approach unjustified. The controversy remained somewhat unsolved [15] . The same MigdalWatson approach has been recently invoked to estimate the prompt production cross section of Z c,b [16] , X b [17] , D sJ [18] exotic states. However, the application of this formalism to the above-threshold charged states is unclear, and the connection of k max 0 with the natural width of the state looks quite arbitrary; in the absence of precise final state interactions calculations, the uncertainty in k max 0 reflects in a > O(10) uncertainty in the cross sections, which makes any estimate of sizeable cross sections unreliable [16, 17, 18] .
In Ref. [19] we suggested a more mechanistic way to take into account final state interactions: it was considered that some of the large number of pions produced in the neighbourhood of the open charm meson pairs could scatter elastically on theD 0 or D * 0 component of the would-be-molecule, thus changing the relative momentum in the centre of mass of the pair, k 0 (Fig. 1) . If this interaction reduces the relative momentum of even a small part of the many large-k 0 pairs, there could be a significant effect of feed-down of pairs towards lower bins, even in the far low energy region below 50 MeV. Populating that region means increasing the formation probability of the loosely bound X. A first qualitative exploration of this phenomenon was performed, by generating samples of pp → cc (X) events in Herwig and Pythia, at Tevatron COM energies √ s = 1.96 TeV. Then, a pion in proximity of one of the mesons is selected, the elastic interaction (regulated by effective matrix elements) is implemented. It was noticed that the number of pairs with k 0 < k max 0 was sensibly increased. The interactions was repeated three times using a Markov chain-like formalism. The result was striking, with the k 0 < 50 MeV bin increasing by two orders of magnitude.
The complete analysis of the full QCD events pp → cc, pp → gg, pp → gq, pp → qq... was presented in Ref. [20] . We generated 9 × 10 10 events in Herwig and 5 × 10 10 events in Pythia. First of all, we checked that the interaction with pions does not spoil the known D meson distributions. However, we noticed that in the full QCD simulations more than 95% of cc pairs are produced during the parton shower process by softer and softer gluons, so that the number of low-relative-momentum DD * pairs is larger with respect to pp → cc events. We show the results in Fig. 2 and Tab. 1. The enhancement due to interactions with pions is still present, but is not as dramatic as in cc generation. In fact, we increase the cross section only by a factor O(10), instead that O(100) as in [19] . Even if we take into account a k max 0 = 100 MeV, and if we consider 3 ÷ 5 interactions with pions, we can get only up to 30% of experimental cross section. FIGURE 2. Integrated cross sections ofD 0 D * 0 , without (blue, solid), with one (red, dashed) and three (green, dot-dashed) interacions with pions, with the method of [20] . In the inset the same plot on a wider range of k 0 values.
Comparison of X(3872) with light nuclei production
Very recently the ALICE collaboration reported results on the production of deuteron, helium-3 ( 3 He) and hypertriton ( 3 Λ H) light nuclei in relatively high p ⊥ bins in Pb-Pb collisions, at √ s NN = 2.76 TeV [21, 22] . If the X(3872) shares the same molecule nature with light nuclei, one expects similar production cross sections, especially at high values of p ⊥ . Although a proper comparison would require the measurement of light nuclei production in pp collisions only, and at the same p ⊥ > 15 GeV where the X is seen, simple extrapolation of available data can been performed to get some qualitative information [23] . As a first approximation one can assume that there are no medium effects enhancing or suppressing the production of light nuclei in Pb-Pb collisions. This is equivalent to state that each nucleus-nucleus collision is just an independent product of N coll proton-proton collisions, where N coll is computed in a Glauber Monte Carlo calculation as a function of the centrality class. For example, the hypertriton production cross section in pp collisions can be estimated to be
where the use of the factor σ inel pp ( √ s = 7 TeV) understands a naive rescaling from √ s = 2.76 TeV to √ s = 7 TeV. Similarly, we can estimate the 3 He distribution in pp collisions from the ALICE Pb-Pb data in the 0-20% centrality class. The deuteron has been measured directly in pp collisions at √ s = 7 TeV, so no calculation is needed. To extrapolate the data points towards higher values of p ⊥ , we perform exponential fits. Alternatively, we fit hypertriton and 3 He data with the blast-wave model [24] , which is expected to reproduce correctly the low and medium p ⊥ regions in Pb-Pb collisions. Since we are rescaling Pb-Pb data to pp by a constant factor, the same shape holds in our estimated pp data, and gives a guess on the asymptotic exponential behavior. The results are shown in Fig. 3 .
The CMS analysis of X production provides the differential cross section times the branching fraction B (X(3872) → J/ψ π + π − ), for which we used the value B = 8.1
The comparison in Fig. 3 shows that the extrapolated hypertriton production cross section in pp collisions would fall short by about 2 ÷ 3 orders of magnitude with respect to the X production, and much more according to the blast-wave fit in the right panel. The drop of the deuteron cross section, which is directly measured in pp collisions, appears definitely faster.
As we discussed, the main problem for the production of loosely bound molecular states in proton-proton collisions is the difficulty in producing the constituents close enough in phase space. However, it is well known that the interaction of elementary partons with the collective hot dense medium causes relevant energy loss of the partons themselves. This effect is usually quantified by the nuclear modification factor R AA , which compares the particle yield in Pb-Pb collisions with that in pp. It then follows that the method used to obtain Eq. (1) corresponds to assume R AA = 1.
While for ordinary hadrons medium effects generally lead to a suppression of the particle yield, i.e. R AA < 1, Comparison between the prompt production cross section in pp collisions of X(3872) (red), deuteron (green), 3 He (orange), and hypertriton (blue) [23] . The X data from CMS [7] are rescaled by the branching ratio B(X → J/ψ ππ). Deuteron data in pp collisions are taken from ALICE [22] . The 3 He and hypertriton data measured by ALICE in Pb-Pb collisions [21, 22] have been rescaled to pp using a Glauber model, as explained in the text. The dashed green line is the exponential fit to the deuteron data points in the p ⊥ ∈ [1.7, 3.0] GeV region, whereas the dotted orange one is the fit to the 3 He data points. The solid and dot-dashed blue lines represent the fits to hypertriton data with R AA = 1 (no medium effects) and an hypothetical constant value of R AA = 5. conversely molecular states with small binding energy are expected to be enhanced, i.e. R AA > 1 [25] . The role of the medium would be, in fact, that of decreasing the relative momenta of the components with respect to the zero temperature case due to the well-known jet quenching effect [26] . This would favor their coalescence into the final bound state by reducing their relative momenta directly at parton level. Unfortunately there is no measurement of R AA for the deuteron as a function of p ⊥ , but a naive estimate based on available ALICE data suggests for values R AA ∼ 5 at p ⊥ = 5 GeV. Moreover, one can use ALICE deuteron data to calculate R CP , i.e. the ratio between central and peripheral collisions, which is strongly correlated to R AA . We have R CP = 1.7 at the last point with p ⊥ = 3.1 GeV, and R CP keeps increasing at larger p ⊥ according to the blast-wave fitting function. This confirms the enhancement for the production of hadron molecules. One naturally expects such an enhancement to be even more relevant for 3-body nuclei like 3 He and the hypertriton. Its role would be to further decrease the extrapolated cross section in prompt pp collisions. As we already said, indeed, a value of R AA > 1 applied to Pb-Pb data implies a pp cross section even smaller than predicted by the Glauber model. Even though qualitative conclusions can already be drawn, a quantitative analysis substantiated by data at higher p ⊥ is necessary for a definitive comparison with the X case.
The diquark-antidiquark description and Hadronization
Because of previous analyses, we are led to conclude that the hadronization of multiquark hadrons in prompt collisions at LHC must proceed through the formation of compact clusters of quarks, with color neutralized in all possible ways. The two-meson states |(Qq) 1 c (Qq) 1 c and |(QQ) 1 c (qq) 1 c will tend to fly apart, because the residual strong force is not sufficient to produce bound states. In this sense such states are in the continuum spectrum of an 'open channel' potential. A diquark-antidiquark state is instead kept together by color interactions, which are very likely to produce a discrete spectrum (closed channel). The generic state can be therefore considered as a superposition
where ket subscripts C, O indicate 'closed' and 'open' channels respectively. The relative size of α, β, γ coefficients is unknown. However, if we assume that |β| 2 , |γ| 2 |α| 2 , diquark-antidiquark states are less likely to be formed in hadronization, but a resonance could emerge as a result of the coupling between open and closed channels, with a mechanism known in nuclear and atomic physics as the Feshbach resonance formation [27] . This hypothesis introduces a selection rule in the diquark-antidiquark spectrum: only the levels close enough to open channel levels are observed as physical resonances [20, 28] . When the total energy in the open channel matches the discrete energy level in the closed channel, the two hadrons in an open channel can scatter to the intermediate state in the closed channel, which subsequently decays to give back the two particles in the open channel. The contribution to the scattering length due to this phenomenon is of the form
This sum is dominated by the term which minimizes the denominator E O − E n . The width of the resulting resonance is naturally proportional to the square root of the detuning Γ ∼ √ E n − E O for phase space arguments. Since the X(3872) is the narrowest among all XYZ mesons, it must have ν ≈ 0, which means the highest possible hybridization between channels given the (unknown) inter-channel interaction Hamiltonian H CO . The input value to fix the discrete closed channel diquark-antidiquark spectra is the mass of the X(3872): we require that the lowest 1 ++ state has the mass of the X and this fixes the diquark mass and the spectra as in [3, 4, 5] .
The D + D * − open threshold is found to be 8 MeV heavier. Coupling between channels can give rise to a repulsive interaction if the energy of the scattering particles is larger than that of the bound state. We might conclude that the neutral particle has no dd content in its wavefunction, thus explaining the well known isospin breaking pattern in X decays. Similarly, the X + levels fall below D +D * 0 andD 0 D * + thresholds, and are more difficult to be produced.
Conclusions
To summarize, the experimental value of the prompt production cross section of the X(3872) casts serious doubts on its possible interpretation in terms of aD 0 D * 0 molecule. The inclusion of possible interactions between comoving pions and final state mesons [19, 20] turned out to improve the accordance between the simulated distributions and the experimental ones and hence should be taken into account in future works. In any case, Monte Carlo simulations leave little room for this, even when some kind of rescattering mechanism is taken into account. The comparison of light nuclei with X production at p ⊥ as high as 15 GeV, suggest they do not share the same nature [23] , but for an unbiased and definitive answer on this, deuteron (or hypertriton) should be searched in pp collisions rather than in Pb-Pb to avoid the complications of subtracting medium effects. These analyses can be performed by ALICE and LHCb during Run II. On the other hand, the presence of open charm thresholds might enforce a Feshbach resonant mechanism [20, 28] , which might explain why many states predicted by the tetraquark model are not observed in nature.
